We previously reported that actin-depolymerizing agents promote the alkalization of the Golgi stack and the trans-Golgi network. The main determinant of acidic pH at the Golgi is the vacuolar-type H ؉ -translocating ATPase (V-ATPase), whose V 1 domain subunits B and C bind actin. We have generated a GFPtagged subunit B2 construct (GFP-B2) that is incorporated into the V 1 domain, which in turn is coupled to the V 0 sector. GFP-B2 subunit is enriched at distal Golgi compartments in HeLa cells. Subcellular fractionation, immunoprecipitation, and inversal FRAP experiments show that the actin depolymerization promotes the dissociation of V 1 -V 0 domains, which entails subunit B2 translocation from Golgi membranes to the cytosol. Moreover, molecular interaction between subunits B2 and C1 and actin were detected. In addition, Golgi membrane lipid order disruption by D-ceramide-C6 causes Golgi pH alkalization. We conclude that actin regulates the Golgi pH homeostasis maintaining the coupling of V 1 -V 0 domains of V-ATPase through the binding of microfilaments to subunits B and C and preserving the integrity of detergent-resistant membrane organization. These results establish the Golgi-associated V-ATPase activity as the molecular link between actin and the Golgi pH.
contrast, actin interacts with the B and C subunits of the V 1 domain, both of which contain at least one actin-binding domain (23) (24) (25) . Filamentous actin (F-actin) binds to the amino terminus of the kidney and brain B1 and B2 subunit isoforms, respectively (26) . This actin interaction is necessary for the transport of the V-ATPase to the plasma membrane during osteoclast inactivation (27) . Recombinant subunit C binds both filamentous (F) actin and globular (G) actin (25, 28) . Notice that these studies were focused on the V-ATPase located in the plasma membrane or assayed in vitro utilizing purified proteins. Little is known about the functional relevance of such interaction and even less about whether it also takes place in endomembrane systems.
The presence of an H ϩ -translocating ATPase in Golgi membranes of animal and plant cells has long been known (29 -34) , and it is particularly enriched in lipid rafts (35) . Besides V-ATPase, other ion channels have been reported in the Golgi, such as the Golgi chloride channel pH regulator (36) , Golgi anion channels GOLAC-1 and GOLAC-2 (37) , and Na ϩ /H ϩ exchanger isoforms NHE7 and NHE8 (38) . The presence of all these ion channels, including V-ATPase, has contributed to our understanding of the importance of Golgi pH homeostasis in health and disease. In particular, both glycosylation and protein-sorting events are known to be highly sensitive to changes in intra-Golgi pH (39 -46) . In contrast, much less is known about the subcellular localization and regulatory mechanisms of V-ATPase in the Golgi.
Our group previously reported significant similarities between events occurring after microfilament disruption (with actin-depolymerizing agents) (47) (48) (49) and those seen after the pharmacological inhibition of V-ATPase (with bafilomycin A1 and concanamycin A) (43, 44, 49) . These similarities include the following: (a) membrane trafficking alterations in the Golgi-to-ER and post-Golgi protein transports; (b) alkalization of the Golgi complex, and (c) strong dilatation of cisternae, observed under the electron microscope. Knowing that B and C subunits of the V 1 domain bind to F-and/or G-actin (25, 26, 28, 50) , we hypothesized that actin could participate in Golgi pH homeostasis through the regulation of V-ATPase activity. In particular, we hypothesized that microfilaments are crucial to the maintenance of V 0 and V 1 domain association (49, 51) . In this study, we provide experimental evidence that microfilaments do indeed maintain V 0 and V 1 domain association via two mechanisms as follows: one through the interaction between actin and subunits B2 and C1, and other based on the actin-dependent integrity of detergent-resistant membranes (DRMs) where V-ATPase localizes.
Experimental Procedures
Antibodies and Reagents-Mouse monoclonal antibodies to GM130 and Golgin97 were from Transduction Laboratories (Lexington, KY) and Molecular Probes, Life Technologies, Inc. (Paisley, UK), respectively. Sheep polyclonal anti-TGN46 was from Abcam (Cambridge, UK). Mouse monoclonal anti-transferrin receptor (TfR), rabbit polyclonal anti-Rho-GDI, rabbit polyclonal anti-actin, and mouse monoclonal anti-caveolin1 were from Sigma, Santa Cruz Biotechnology (Santa Cruz, CA), Sigma, and BD Transduction Laboratories, respectively. Mouse monoclonal anti-GFP was from Molecular Probes. Mouse monoclonal and polyclonal antibodies against subunits A or B2 from V-ATPase V 1 domain were from Abnova (Taipei, Taiwan) and Abcam, respectively. Rabbit polyclonal against subunit a1 from the V 0 domain was from Santa Cruz Biotechnology. Rabbit polyclonal against subunit C1 was from Abcam. Mouse monoclonal antibody against subunit B1 was from OriGene (Rockville, MD). Mouse monoclonal antibody against actin used for immunoprecipitation experiments was agarose-conjugated (Santa Cruz Biotechnology). Cy3-conjugated rabbit secondary antibodies were from Jackson ImmunoResearch (West Grove, PA), and Alexa Fluor 488-conjugated or Alexa Fluor 546-conjugated anti-mouse, anti-rabbit, and anti-sheep antibodies were from Molecular Probes, Life Technologies, Inc. Peroxidase-conjugated secondary antibodies were from Promega (Eugene, OR). Cholera toxin B subunit, from Vibrio cholerae-HRP, was from Sigma. Protein A-agarose beads were from Santa Cruz Biotechnology. Cycloheximide, cytochalasin D, nigericin, monensin, and FITC-phalloidin were from Sigma. DAPI Fluoromount G was from SouthernBiotech. Latrunculin B and Mowiol were from Calbiochem (Darmstadt, Germany). Jasplakinolide was from Invitrogen, Life Technologies, Inc., and dithiobis[succinimidylpropionate] was from Thermo Scientific, Pierce. 35 S-Labeled protein labeling mix ( 35 S-EXPRESS) was from PerkinElmer Life Sciences. N-Hexanoyl-D-erythrosphingosine (D-ceramide-C6) and N-hexanoyl-L-erythrosphingosine (L-ceramide-C6) were from Matreya, and dissolved in ethanol as a stock solution.
Transfection of Plasmids and siRNA-Plasmids were transfected with FuGENE HD transfection reagent (Promega, Eugene, OR) following the manufacturer's recommendations. siRNA pool for subunit B2 was purchased from Dharmacon (ON-TARGETplus SMARTpool, reference number L-011589-01-0005). siRNAs (20 nM) were transfected in cells in suspension using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions. Experiments were performed 72 h after treatment. All siRNA-mediated knockdown experiments were validated with a pool of four non-targeting siRNAs (Dharmacon, reference number D-001810-10 Ϫ05 ).
Plasmids-Plasmids encoding pHluorin and pHluorin-TGN constructs (52) were kindly provided by Juan L. Llopis (Universidad de Castilla-La Mancha, Albacete, Spain). Plasmid encoding Cherry-ts045VSV-G was kindly provided by K. Simons (Max Planck Institute, Dresden, Germany). The GFP-tagged subunit B2 in amino-terminal plasmid (GFP-B2) was amplified from untagged subunit B2 plasmid (Origene Technologies, SC119083, Rockville, MD) with the forward and reverse primers as follows: 5Ј-ACGTAAGCTTATGGCGCTGCGG-GCG-3Ј and 5Ј-ACGTGGATCCCTAATGCTTTGCAGA-3Ј. The PCR product was then subcloned into pEGFP-C3 vector after cutting with HindIII and BamHI restriction enzymes.
Immunofluorescence Microscopy-HeLa cells were fixed and processed as described previously (53) . Working dilutions of antibodies were as follows: anti-GM130 (1:1000); anti-Gol-gin97 (1:300); anti-TGN46 (1:500). GFP-B2 was visualized directly by the fluorescent emission of GFP. The images were processed using ImageJ software. Colocalization quantitative analysis was done by calculating the number of green pixels that colocalize with red pixels divided by the total number of green pixels of each cell. Background subtraction was performed before the analysis.
Inversal FRAP-iFRAP experiments were carried out using a Leica TCS SL with argon and HeNe lasers attached to a Leica DMIRE2 inverted microscope equipped with an incubation system with temperature and CO 2 control as reported previously (48) . All experiments were performed at 37°C and 5% CO 2 . Cells were grown on 35-mm dishes, transfected with GFPsubunit B2, and incubated for 24 h at 37°C. For visualization of GFP, images were acquired using a ϫ63 oil immersion objective lens (NA 1.32), 488-nm laser line (20% powered), excitation beam splitter RSP 500, and emission range detection as follows: 500 -600 nm with the confocal pinhole set at 4.94 Airy units to minimize changes in fluorescence due to protein-GFP moving away from the plane of focus. The whole cytoplasm staining (with the exception of the Golgi complex) of the GFP-subunit B2-transfected cell was photobleached using 50 -80 scans with the 488-nm laser line at full power. Post-bleach images were monitored at 5-s intervals for 15 min. The excitation intensity was attenuated to ϳ5% of the half-laser power to avoid significant photobleaching. To evaluate the results, the observed fluorescence equilibration in the unbleached region (the Golgi complex) was quantified using ImageJ software. For each time point, the loss of total fluorescent intensity in the unbleached region of interest was calculated as shown in Equation 1,
where I t is the average intensity of unbleached region of interest at point t, and I 0 is the average pre-bleach intensity of the region of interest. Fitting of iFRAP curves was performed with Graphpad Prism software version 5.0 (Graphpad Software, San Diego) and modeled assuming two-phase exponential decay iFRAP, whereas they were equally well modeled with the one-phase exponential decay Equation 2,
where Y started at span ϩ plateau and decayed to plateau with the rate constant K. Half-time was calculated as 0.69/K. Afterward, data were plotted as fluorescence intensity that remained in the Golgi versus time. Mobile fraction (MF) was calculated as shown in Equation 3 ,
where F pre was the initial fluorescence intensity and F end the final recovered fluorescence intensity. Statistical analysis was performed by one-tailed Student's t test.
Golgi and TGN pH Measurements-To measure the pH of the Golgi stack and the TGN, cells were grown on 35-mm dishes and transfected with GalT-pHluorin (for the Golgi stack) or TGN38-pHluorin (for the TGN) and incubated overnight at 37°C. Golgi-associated Golgi-pHluorin or TGN-associated TGN-pHluorin ratiometric fluorescence intensities were measured. Thereafter, cells were incubated with seven different pH calibration buffers containing 70 mM NaCl, 70 mM KCl, 1.5 mM K 2 HPO 4 , 1 mM MgSO 4 , 10 mM HEPES, 10 mM MES, 2 mM CaCl 2 , 10 mM glucose, 0.01 mM nigericin, and 0.01 mM monen-sin. These seven ratio measurements established a linear regression from which initial in situ Golgi or TGN pH measurements were extrapolated. Measurements were obtained with a Leica TCS-SP5 confocal microscope (Leica Microsystems Heidelberg, Manheim, Germany). The excitation was performed with 470-and 405-nm filters, and emission was detected at 508 nm with the confocal pinhole set at 1 Airy unit.
LifeAct Assay-Cells were grown on 35-mm dishes and cotransfected with LifeAct-RFP and GFP subunit B2 plasmids for 24 h at 37°C. A single cell was recorded with a Leica TCS-SP5 confocal microscope. Images were taken at 0.5-s intervals for 2.5 min with ϫ63 glycerol immersion objective lens at 1 Airy unit with 512 ϫ 512 pixel frame size. The microscope was equipped with temperature and CO 2 control.
Protein Transport Assays-To examine the VSV-G protein transport, HeLa cells were grown on 35-mm dishes, transfected with the respective pools of siRNAs, and incubated at 37°C for 72 h. The cells were then transfected with Cherry-ts045VSV-G, seeded on coverslips, and incubated overnight at 40°C. For post-Golgi transport assay, cells were incubated for 2 h at 20°C and then shifted to 32°C to synchronize VSV-G transport. For the ER to the Golgi pathway, cells were shifted directly to 32°C. Cycloheximide (100 g/ml) was added 30 min before the temperature shift. At the indicated times, cells were fixed and processed for immunofluorescence analysis.
To examine the VSV-G protein transport biochemically, stable HeLa cells that constitutively express VSV-G-GFP were grown on 35-mm dishes, transfected with the respective pools of siRNAs, and incubated at 37°C for 72 h. Cells were then incubated at 40°C for 24 h. Cycloheximide was added to a final concentration of 100 g/ml (for the last 30 min), and cells were then shifted to 32°C to allow protein transport. At the indicated times, cells were solubilized with 0.5% SDS and 1% 2-mercaptoethanol (0.1 ml/dish) and heated to 100°C for 10 min. A portion of lysate was digested with Endo H following the manufacturer's protocol and then subjected to SDS-PAGE on 8% gels. VSV-G-GFP was visualized by immunoblotting with a polyclonal anti-GFP.
For the soluble protein secretion experiments, HeLa cells were starved for 30 min in Met/Cys-free medium and then pulse-labeled with 20 Ci of [ 35 S]Met/Cys mix per well in a six-well plate for 10 min. Cells were then rinsed in cold complete medium and shifted to 19°C for 3 h to allow accumulation at the Golgi of 35 S-labeled protein synthesized de novo. Thereafter, cells were washed twice with 5% BSA in PBS and then transferred to 37°C. To determine the kinetics of secretion, culture supernatants were collected at the indicated times. 35 S-Labeled secreted proteins were precipitated with 20% trichloroacetic acid (TCA), washed in cold acetone, and quantified by scintillation counting. To determine total incorporation of [ 35 S]Met/Cys into cellular proteins, cells were lysed with 0.1 N sodium hydroxide in 0.1% sodium deoxycholate, treated with TCA, and processed as above. As a positive control, cells were treated with 5 g/ml of brefeldin A.
Isolation of Golgi Membranes-Golgi-enriched fractions from rat liver were obtained as reported previously (54) Adult female Wistar rats were starved for 24 h. Rat livers were extracted after surgery and placed into 200 ml of cold 0.5 M phosphate buffer, pH 6.7, with 0.5 M sucrose. Livers were swirled, squeezed, and cut into several pieces; excess buffer was removed, and liver pieces were homogenized by gently pressing them through a 150-m mesh stainless sieve with the bottom of a conical flask. 13 ml of this homogenate was added to a discontinuous gradient and centrifuged in an SW-28 rotor at 28,000 rpm for 1 h at 4°C. 2-3 ml of the Golgi fractions were collected from between the 0.5 and 0.86 M sucrose fractions using a Pasteur pipette. Golgi fractions were diluted to 0.25 M sucrose and centrifuged at 7,000 rpm for 30 min at 4°C in an SW-28 rotor. Pellets were resuspended in 2 ml of phosphate buffer containing 0.25 M sucrose and centrifuged again at 7,000 rpm for 30 min at 4°C. The final pellet was resuspended in 4.5 ml of phosphate buffer with 0.25 M sucrose, aliquoted, and frozen in liquid nitrogen. The purity of the Golgi-enriched fractions was checked by Western blot by enrichment of Golgi marker GM130.
Subcellular (Membrane and Cytosol) Fractionation-Cells were grown on 100 mm dishes. After treatments, cells were washed twice in PBS and scraped into XB buffer (20 mM HEPES, 150 mM KCl, pH 7.7) supplemented with protease inhibitors. Extracts were mechanically cracked with an insulin syringe and centrifuged at 1,000 ϫ g for 10 min to remove cell debris and nuclei. The supernatant was subsequently subjected to 60 min of ultracentrifugation at 60,000 rpm using an MLA-130 rotor (Beckman Coulter Inc., Brea, CA) at 4°C. The resulting supernatant was the cytosolic fraction. The pellet was resuspended in the same volume as the cytosolic fraction in XB buffer and again subjected to 60,000 rpm centrifugation for 60 min at 4°C. The resulting pellet (membrane fraction) was solubilized in radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA plus protease inhibitors). All subcellular fractions were subjected to 10% (v/v) SDS-PAGE.
Immunoprecipitation and Western Blotting Experiments-Whole cell extracts (total lysates) were obtained by adding 200 l of lysis buffer (20 mM Tris-HCl, pH 7.4, 0.6% CHAPS, 1 mM EDTA, 1 mM EGTA, 1.5% octyl ␤-D-glucopyranoside, and 10% glycerol) containing protein and phosphatase inhibitors (aprotinin, leupeptin, and pepstatin A and sodium orthovanadate and phenylmethylsulfonyl fluoride, respectively). Samples were passed 10 times through a 25-gauge needle, incubated for 30 min on ice, and centrifuged (14,000 ϫ g for 10 min at 4°C).
For immunoprecipitation experiments, equal amounts of total lysates (100 g) were incubated overnight at 4°C with 30 l of protein A-Sepharose beads (pre-cleaned lysates). In parallel, 30 l of protein A-Sepharose beads was incubated for 2 h at 4°C with the antibody of interest (10 g) to generate the immunobeads, which were subsequently mixed with precleaned lysates and incubated overnight at 4°C. The next day, beads were rinsed three times in TA buffer (20 mM Tris-HCl, pH 7.5, 5 mM sodium azide, 1 mM PMSF, 1 mM EGTA). Proteins were eluted from Sepharose beads by adding 20 l of loading buffer 5ϫ (containing 10% ␤-mercaptoethanol). Subsequently, samples were processed for Western blotting (18) .
For Western blotting experiments, 20 g of protein were loaded per well. Dilutions of the primary antibodies used were as follows: for anti-subunit A, 1:1,000; anti-subunit B2, 1:4,000;
anti-subunit C1, 1:1,1000; anti-subunit a1, 1:4,000; anti-RhoGDI, 1:1,000; anti-TfR, 1:5,000; anti-GFP, 1:25,000; antiactin, 1:25,000; and anti-caveolin, 1:1,000. Band intensities were measured by densitometry scanning of the film using ImageJ software.
Filamentous/Globular-Actin Isolation-After treatment, cells (grown on 100-mm dishes) were washed twice in PBS and incubated for 30 min in PBS containing 1 mM dithiobis[succinimidylpropionate] containing 250 nM TRITC-phalloidin, rinsed in PBS, and blocked for 15 min in 20 mM Tris-HCl, pH 7.5, diluted in PBS containing 250 nM TRITC-phalloidin. Subsequently, cells were homogenized in lysis buffer (50 mM PIPES, pH 6.9, 50 mM KCl, 5 mM MgCl 2 , 5% (v/v) glycerol, 0,1% Nonidet P-40, 0.1% Triton X-100, 0.1% Tween 200, 1% 2-mercaptoethanol, and 0.001% antifoam C) containing 250 nM TRITC-phalloidin and protease inhibitors. Lysates were centrifuged at 1,000 ϫ g for 10 min at room temperature to remove cell debris and nuclei. Supernatants were collected and ultracentrifuged at 45,000 rpm for 1 h at room temperature using an MLA-130 rotor (Beckman Coulter Inc., Brea, CA). The pellet contained the F-actin fraction and the supernatant the G-actin fraction. Samples were subsequently analyzed by immunoblotting.
DRM Isolation-Cells were grown on five 100-mm plates per condition. After treatments, cells were washed three times in PBS, collected in 1 ml of HES buffer (20 mM HEPES, 1 mM EDTA, 250 mM sucrose, pH 7.4) containing protease and phosphatase inhibitors, and homogenized by passing 10 times through a 22-gauge needle. Samples were ultracentrifuged at 67,000 rpm for 90 min at 4°C using an MLA-130 rotor (Beckman Coulter Inc., Brea, CA). The pellets were resuspended with 1 ml of MBS buffer (25 mM MES, 150 mM NaCl, 1% Triton X-100, pH 6.5) containing protease inhibitors, incubated for 20 min at 4°C, and passed 10 times through a 22-gauge needle. A discontinuous sucrose gradient was then prepared as follows. At the bottom, 1 ml of resuspended pellet was mixed with 1 ml of MBS buffer, 80% sucrose. Subsequently, 2 ml of MBS buffer, 30% sucrose was added. On the top, 1 ml of MBS buffer, 5% sucrose was added. The gradients were ultracentrifuged at 35,000 rpm for 17 h at 4°C using an SW-55 Ti rotor (Beckman Coulter Inc.). The next day, fractions (500 l each) were collected from the top to the bottom. Protein was precipitated from each fraction by adding the same volume of acetone and incubated overnight at Ϫ20°C. Thereafter, precipitated protein was resuspended with 100 l of loading buffer 1ϫ (containing 10% ␤-mercaptoethanol) and processed by Western blot.
Cell Viability Assay-HeLa cells were transfected with the indicated siRNA (siRNA non-targeting or siRNA against subunit B2). After transfection (72 h), the same number of cells were cultured and fixed. Cell viability was assessed by nuclear DNA staining with Hoechst 33258 as described previously (55) . Twenty fields were counted by condition and experiment, comprising a total of at least 200 cells.
Results

V-ATPase Revealed by GFP-tagged Subunit B2 of the V 1 Domain Is Enriched in Distal Golgi Compartments and
Supports Post-Golgi Protein Transport-We first examined whether V-ATPases indeed localized in the Golgi complex as reported previously. We first tested for the presence of V-ATPase in the Golgi complex of HeLa cells, as reported previously (31), using a variety of commercially available antibodies against the subunits of V 0 and V 1 domains. Anti-V 1 subunits A and B2 and anti-V 0 subunit a1 antibodies recognized bands of the appropriate molecular weight in Golgi fractions isolated from rat liver ( Fig. 1A) , but unfortunately these antibodies were not suitable for immunocytochemistry. To overcome this drawback, we decided to clone subunits B2 and C1 tagged to GFP, because they both contain actin-binding domains (25, 27) . We only succeeded for subunit B2, which was tagged to GFP at the NH 2 or COOH terminus (B2-GFP and GFP-B2, respectively). As shown in Fig. 1B (upper panel) , anti-subunit B2 antibody recognizes both the endogenous and overexpressed (GFP-B2) proteins at their expected molecular weights. We next examined whether GFP-tagged subunit B2 protein was integrated into V-ATPase holoenzyme. To this end, GFP-B2 or B2-GFP plasmids were expressed in HeLa cells, and cell extracts were immunoprecipitated with anti-GFP antibodies and revealed for subunit A by Western blotting. Endogenous sub-unit A coimmunoprecipitated with the expressed GFP-B2 form (NH 2 -tagged) ( Fig. 1B, middle panel) , but not with the B2-GFP form (COOH-tagged) (data not shown). Consequently, thereafter we used only the GFP-B form. Next, we investigated whether the V 1 domain containing GFP-B2 interacts with the V 0 domain to form the V-ATPase complex. To this aim, lysates of cells expressing GFP-B2 were immunoprecipitated with antibodies to the V 0 subunit a1 and subsequently subjected to Western blotting to GFP. We observed that subunit a1 coimmunoprecipitated with expressed GFP-B2 ( Fig. 1B, lower  panel) , which indicates that the incorporation of GFP-B2 into the V 1 domain does not interfere with its interaction with the V 0 domain.
We next examined the subcellular localization of expressed GFP-B2 in HeLa cells. Cells were transfected with GFP-B2 and fixed after several expression times (from 6 to 24 h). GFP-B2 was localized both to cytoplasmic vesicular structures that may correspond to endosomes and lysosomes (identified by their annular fluorescence staining) and to a juxtanuclear and reticular structure identified as the Golgi complex by its colocalization with a variety of Golgi markers. Quantitative confocal image analysis showed that GFP-B2 mainly localized in distal Golgi cisternae, as indicated by its strong colocalization with trans (Golgi97) and trans-Golgi network (TGN46) protein markers, in comparison with other more proximal Golgi markers (GM130) (Fig. 1, C and D) . This subcellular Golgi distribution of the V-ATPase correlates well with the diminishing pH gradient recorded in the Golgi of HeLa cells ( Table 1) .
The pharmacological inhibition of V 0 domain blocks V-ATPase activity and in turn alters the pH (49) as well as the Golgi-associated protein transport (44, 46, 56) , but little is known about the specific contribution of each V 1 subunit in V-ATPase activity. We then knocked down the expression of subunit B2 using siRNA technology to see whether the subunit is essential for V-ATPase activity and its role in Golgi-associated protein transport. The silencing of subunit B2 (ϳ80% without alteration in the subunit B1 expression; Fig. 2A ) did not perturb cell viability (Fig. 2B ). HeLa cells transiently transfected with the transmembrane Cherry-VSV-G protein and silenced for subunit B2 showed a large accumulation of Cherry-VSV-G at the Golgi 90 min after the temperature shift. In comparison, in non-targeting siRNA (NT siRNA) transfected cells, the viral glycoprotein was observed in transit to the plasma membrane at 90 min (Fig. 2C) . In contrast, ER-to-Golgi protein transport of VSV-G was not altered in subunit B2-depleted cells (Fig. 2 , D and E), which was in accordance with previous results obtained using V-ATPase pharmacological inhibitors (44) . In addition, the secretion of radioactive-labeled soluble proteins transported from the Golgi to the extracellular medium was also significantly blocked in knockdown cells (Fig. 2F ). These impairments in protein transport caused by the depletion of subunit B2 could be attributable to the disruption of Golgi pH, because V-ATPase is the main supplier of protons in endomembranes, including the Golgi complex (6, 7). To explore this, we measured the pH both in the Golgi stack (Golgi pH) and in the TGN (TGN pH) using pHluorin-tagged sensors (52) . As expected, control cells showed that the pH in the TGN was lower than in the Golgi (Table 1) , and knockdown cells displayed severe alkalization of both Golgi compartments. Curiously, the alkalization effect was stronger in the Golgi stack than in the TGN (Table 1) .
Overall, these results show that V-ATPase revealed by GFPtagged subunit B2 localized in the Golgi, particularly in distal compartments, where it is necessary for post-Golgi trafficking. GFP-B2 subunit is a tool that facilitates the study of the dynam-ics and molecular interactions of V-ATPase at the Golgi complex.
Actin-depolymerizing Agents Induce the V 1 -V 0 Disassociation of the V-ATPase at the Golgi Complex-On the one hand, we previously reported that actin depolymerization raises the pH in the Golgi and alters Golgi-to-ER and post-Golgi trafficking (47) (48) (49) . These results are similar to those recorded after the pharmacological inhibition of V-ATPase using bafilomycin and concanamycin (44) . On the other hand, it has been reported that subunits B and C of V-ATPase V 1 domain interact with F-actin and/or G-actin (26, 28) . Taking all these observations into account, we hypothesized that V-ATPase activity at the Golgi could be regulated by actin dynamics (49, 51, 57) . To test this hypothesis, we first examined whether the V 1 -V 0 association is perturbed in the presence of actin toxins that either depolymerize (latrunculin B (LtB); cytochalasin D (CytD)) or stabilize (jasplakinolide (JpK)) actin. As a positive control, we cultured HeLa cells in the absence of glucose and fetal bovine serum (ϪGlu/FBS), because this treatment reversibly uncouples V-ATPase domains both in yeast (16) and in mammalian cells (17) . Cells were incubated with LtB (500 nM/90 min), CytD (1 M/90 min), JpK (500 nM/90 min), or ϪGlu/FBS (4 h), lysed, and immunoprecipitated with anti-subunit A antibodies and subjected to Western blotting for subunit a1 (which forms part of V 0 complex). The ratio between a1/A (Fig. 3A) subunits was significantly lower in LtB-and in ϪGlu/FBS-treated cells (but not in JpK-treated cells) when compared with untreated cells (control) (Fig. 3A) . Similar results were obtained with CytD (data not shown). Therefore, taking these results into account, we postulated that actin depolymerization would lead to an enrichment of V 1 subunits in the cytosol. We obtained highly pure membrane and cytosol fractions (respectively identified by the presence of transferrin receptor/TfR and RhoGDI markers) from LtB-or JpK-treated cells, and we evaluated the presence of subunits A and B2 in both fractions by Western blotting. Unlike JpK, LtB significantly enriched both subunits in the cytosol (Fig. 3B ).
Because we observed that the GFP-B2 subunit localizes in the Golgi complex ( Fig. 1B) , we next used iFRAP microscopy to visualize whether actin depolymerization induces the release of the GFP-B2 subunit from the Golgi, as a demonstration of the dissociation of V 1 -V 0 domains in vivo. To this end, in cells expressing GFP-B2, we bleached the cytoplasm, except the Golgi, and we measured the dissociation of the V 1 domain by the loss of fluorescence at the Golgi (Fig. 4A ). Sequential pictures obtained from supplemental movies 1-3 indeed showed the loss of the Golgi-associated GFP-B2 fluorescence after incubation of cells in the absence of glucose and FBS (ϪGlu/FBS) and with LtB ( Fig. 4B ; also compare supplemental movie 2/ϪGlu/FBS, and supplemental movie 3/LtB with supplemental movie 1/control). Quantitative image analysis showed that LtB and ϪGlu/FBS caused a similar loss of the total GFP-B2 fluorescence at the Golgi at 15 min ( Fig. 4C and mobile fraction/MF values shown in D). However, their respective kinetics was different, the loss being much faster for LtB than for ϪGlu/ FBS, as shown by their respective t1 ⁄ 2 (Fig. 4D) . Therefore, actin depolymerization promotes the V 0 -V 1 dissociation of Golgi-as- 
Depletion of subunit B2 raises Golgi and TGN pH
Ratiometric measurements of pH in the Golgi stack and in the TGN in HeLa cells expressing (72 h) non-targeting siRNA (NT siRNA) or siRNA to subunit B2 (siRNA-B2). Thereafter, cells were transfected with Golgi-pHluorin or TGN-pHluorin constructs for 18 h. Data represent means Ϯ S.D. of at least three independent experiments. Significant differences with respect to NT siRNA (***, p Յ 0.001) and to intra-Golgi pH ( ¶, p Յ 0.001) using Student's t test are shown. n is number of measured cells.
Golgi pH TGN pH
NT siRNA 6.88 Ϯ 0.07 (n ϭ 85) 6.16 Ϯ 0.06 (n ϭ 32) ¶ siRNA-B2 7.50 Ϯ 0.07 (n ϭ 94)*** 6.70 Ϯ 0.07 (n ϭ 37) ¶*** sociated V-ATPase and therefore alterations in its activity and the resulting pH. V 1 Domain Subunits B2 and C1 Interact with Actin in Vivo-We next approached how microfilaments regulate V-ATPase activity at the Golgi. It is important to note that in HeLa cells V-ATPase is not present at the plasma membrane, which so far is the only molecular interaction where actin and V-ATPase have been described (25, 27) . Therefore, to examine whether microfilaments interact with subunits B2 and C1 at endomembranes in HeLa cells, we obtained F-and G-actin-enriched fractions from untreated and LtB-treated cells, and we subsequently used Western blotting to examine the presence of both subunits. In untreated cells, B2 and C1 were indeed present in F-and G-actin fractions, with the former almost equally localized in both fractions and the latter more enriched in the G-actin fraction. After LtB treatment, unlike subunit B2, subunit C1 showed a significant reduction of the F-/G-actin ratio and was thus more enriched in the G-actin fraction (Fig. 5A) . These results suggest that subunit C1 shows more affinity for G-actin, unlike subunit B2 that does not show any preference for F-or G-actin. Immunoprecipitation experiments with anti-actin antibodies and subsequent Western blotting for subunits B2 or C1 showed that indeed both V 1 subunits interacted with actin, with apparently stronger affinity for C1 (Fig. 5B) . Overall, our results suggest that in HeLa cells the molecular interaction between actin and V-ATPase in endomembranes indeed occurs through subunits B2 and C1.
We next analyzed whether F-actin colocalized with V-ATPase at the Golgi complex. The difficulty to visualize F-actin at the Golgi is well known, although there is both functional and morphological evidence of its presence (57) (58) (59) . To this end, we used the LifeAct-RFP probe (Fig. 5C) (60) . HeLa cells co-expressing LifeAct and GFP-B2 showed at the Golgi a small fraction of discrete actin-positive punctae adjacent to GFP-B2-pos- Statistical analysis using Student's t test versus control; **, p Յ 0.01. C, control; Lt, total lysate; P, pellet. B, post-nuclear supernatants of HeLa cells untreated (C) or treated with LtB (1 M for 90 min) or Jpk (1 M for 90 min) were ultracentrifuged, and the pellet (membrane fraction) and the supernatant (cytosol fraction) were subjected to SDS-PAGE. Western blotting was revealed with antibodies to TfR (membrane protein marker), Rho guanidine dissociation inhibitor (RhoGDI; a cytosolic protein marker), and to subunits A and B2. Quantitative results are represented as means Ϯ S.D. from five independent experiments. Amounts of subunits A and B2 in cytosol and membrane fractions were normalized to RhoGDI and TfR, respectively, before the cytosol/membrane ratio was determined. Statistical analysis using Student's t test versus control; *, p Յ 0.05, is shown.
itive zones (Fig. 5C, arrows; supplemental movies 4 and 5), which suggests that F-actin could transiently associate with V-ATPase in Golgi membranes.
Actin Depolymerization-induced V 1 -V 0 Domain Disassociation also Occurs by Disruption of DRMs-It has been reported that several V-ATPase subunits are major components in Golgi membrane-derived detergent-insoluble complexes, which are the Golgi equivalent to sphingomyelin-and cholesterol-enriched domains isolated as detergent-resistant membranes from total cell extracts (DRMs) (35) . In contrast, actin filaments are reported to maintain the integrity of DRMs (61) . Then, we reasoned that besides its interaction with subunits B and C, actin could also indirectly regulate association of V 1 -V 0 domains by maintaining the integrity of DRMs. To test this possibility, we isolated total DRMs from control (untreated) and LtB-treated HeLa cells and examined the presence of V 0 and V 1 subunits a1 and B2, respectively, in DRMs and detergent-sensitive membrane fractions (Fig. 6A ). Unlike polarized epithelial cells (14) , HeLa cells do not express V-ATPase at the plasma membrane, and therefore, we assumed that the putative source of V-ATPase in DRMs would be endomembranes, mainly from the Golgi (35) and late endosomes and lysosomes (62) . DRMs were identified by the presence of caveolin-1 and the GM1 ganglioside. Subunit B2 distributed both in detergentsensitive membranes and in DRMs (red square) (Fig. 6A ), but subunit a1 was exclusively located in DRMs. This difference in distribution is explained because subunit B2 is synthesized in the cytosol and is not always coupled to the V 0 domain. When HeLa cells were treated with LtB, DRMs were partially disrupted, as revealed by the presence of DRMs markers in heavier sucrose fractions. The ratio of B2/a1 (V 1 -V 0 ) subunits in DRMs was significantly reduced (Fig. 6B ). To confirm that the presence of cholesterol-and sphingomyelin-enriched domains in Golgi membranes are necessary for V-ATPase function, we manipulated lipid homeostasis in this organelle. Thus, we exogenously added short chain ceramide-C6, the non-metabolizable enantiomer L-ceramide-C6 (N-hexanoyl-L-erythrosphingosine) as a control, and the enantiomer D-ceramide-C6 (N-hexanoyl-D-erythrosphingosine), which is incorporated into Golgi membranes and locally increases levels of shortchain sphingomyelin, short-chain glucosylceramide, and diacylglycerol. As a consequence, there is a reduction in the formation of cholesterol/sphingomyelin-enriched domains into the Golgi (63) . Thereafter, we measured Golgi and TGN pH in cells transfected with Golgi-or TGN-pHluorin constructs, and we subsequently cells treated with D-or L-ceramide-C6 (20 M for 30 min each). D-Ceramide-C6, but not L-ceramide-C6, significantly increased both Golgi and TGN pH ( Table 2 ). Knowing that V-ATPase is the main source of H ϩ in the Golgi lumen, our results strongly suggest that the integrity of DRMs in Golgi membranes is essential for V-ATPase activity. Altogether, these results suggest that actin could also indirectly regulate V 1 -V 0 association of V-ATPase in Golgi membranes by maintaining the integrity of DRMs.
Discussion
We report here that actin regulates the activity of the V-ATPase in the secretory pathway by controlling the association of V 1 -V 0 domains. We suggest that actin carries out such regulation through two non-mutually exclusive mechanisms as follows: (a) its direct interaction with subunits B2 and C1; and (b) indirectly maintaining the organization of lipid rafts. Although V-ATPase localization at the Golgi complex is well known (29 -34) , we provide here a more detailed picture of V-ATPase distribution along the Golgi stack. Because commercially available antibodies were unsuitable for immunocytochemistry, we cloned the V 1 domain subunit B2, which, like subunit C, contains actin-binding sites (27) . Importantly, expressed GFP-B2 (GFP tagged to its amino end) was effectively incorporated into the V 1 domain without interfering with its interaction with the V 0 domain, which indicates that GFP-B2 is indeed a representative tool for studying V- ATPase localization and dynamics in living cells. Expressed GFP-B2 localized V-ATPase in the Golgi complex, where it was visualized along all the compartments, although it was more enriched in distal ones. This Golgi distribution correlates well with the pH gradient in the Golgi (1) . Because the mechanisms that generate this pH gradient are unclear (3), our results suggest that a progressive increase in V-ATPase along the cis-to-trans-Golgi axis is the main factor responsible for the progressive fall in pH.
Our group previously reported that the interference in actin dynamics induced by a variety of actin toxins blocks Golgito-ER and post-Golgi trafficking alkalinizes the Golgi and induces cisternae swelling. All these were similar to the effects caused by the interference of V-ATPase activity with specific pharmacological agents targeted to V 0 domain, such as bafilomycin and concanamycin A (5, 47, 48) . Therefore, we postulated that one of the potential mechanisms by which actin participates in Golgi protein transport and flat cisternae morphology, as well as in the maintenance of pH, might be through the regulation of V-ATPase activity, taking into account that both V 1 domain subunits B and C contain actin-binding domains (25, 27) . Studies on actin interaction with subunit B have focused on V-ATPase of the plasma membrane in osteoclasts and on the role of actin in the recycling of the proton pump to and from intracellular membranes (50, 64) . In contrast, the interaction of subunit C with actin cytoskeleton was studied only in vitro using recombinant proteins (25, 28) . However, nothing is known about the potential interaction of B and C subunits with actin filaments in the secretory pathway endomembranes and in the Golgi in particular. Our results show an interaction between actin and V 1 subunits B2 and C1, because both coimmunoprecipitated with actin. Besides this biochemical evidence for subunit B2-actin interaction, we furthermore visualized this interaction at the Golgi in living cells expressing LifeAct-RFP and GFP-B2. Some spots showed colocalization with both fluorescent probes, although it is true that they were not the majority. It is reasonable to postulate that the interaction between F-actin (revealed by LifeAct) and V-ATPase (revealed by GFP-B2) could be highly dynamic and/or transient. In respect of actin-subunit C1, immunoprecipitation results support the previously suggested role of subunit C directly connecting and modulating the interaction between V 1 and V 0 domains of the V-ATPase (24), and actin could regulate such a function. We show here that the interaction of the two domains is reduced by LtB, and the V 1 domain is concomitantly enriched in the cytosol, which clearly indicates that F-actin maintains the association of the two domains. These biochemical observations were morphologically confirmed by iFRAP experiments, where the LtB treatment GFP-B2 is shifted from the Golgi to the cytoplasm. Taken together, our results strongly suggest that actin could stabilize and/or reinforce functional V-ATPase V 1 -V 0 domain association in vivo through its interaction with both subunits. and analyzed by SDS-PAGE followed by Western blotting to detect caveolin 1 (Cav-1) and subunits B2 and a1. For GM1, dot blot was carried out from each fraction collected and before the SDS-PAGE using cholera toxin-HRP. B, quantitative analysis examining the subunits B2/a ratio present in DRMs fractions (indicated with a red box in A). Statistical analysis using Student's t test of results versus control from three independent experiments; *, p Յ 0.01.
TABLE 2 Reduction of Golgi membrane lipid order increases Golgi and TGN pH
Ratiometric measurements of Golgi and TGN pH in HeLa cells treated with 20 M of either L-ceramide-C6 or D-ceramide-C6 during 30 min. Thereafter, cells were transfected with Golgi-pHluorin or TGN-pHluorin constructs for 18 h. Data represent means Ϯ S.D. of three independent experiments. Significant differences with respect L-ceramide-C6 (***, p Յ 0.001) using Student's t test is shown. n, number of measured cells.
Golgi pH TGN pH
L-Ceramide-C6 6.12 Ϯ 0.04 (n ϭ 48) 6.56 Ϯ 0.08 (n ϭ 35) D-Ceramide-C6 6.47 Ϯ 0.05 (n ϭ 44)*** 7.07 Ϯ 0.10 (n ϭ 34)*** Although the B2 and C1 subunits do interact with actin, F/Gactin fractionation and immunoprecipitation experiments suggest more affinity and sensitivity to actin for subunit C1 than for subunit B2. The reason for this is unknown, but it could be related to the functional relevance that both could have in vivo. F-actin interaction to B2 could interfere with its ATP-binding role and consequently with the ATPase activity of subunit A. We cannot discard that such differences might be attributable to the different affinity of antibodies used or even to the presence of an intermediate protein that connects actin with subunit B2. In contrast, F-actin interaction with C1 could promote or stabilize the complex formed by the V 0 -V 1 domains, which is essential for the function of V-ATPase. The question then arises as to the functional relevance of actin-binding sites of both Golgi-associated V 1 subunits. As expected, subunit B2 is crucial for the activity of V-ATPase at the Golgi. This conclusion is based on the finding that silencing of subunit B2 raised Golgi and TGN pH values and significantly impaired post-Golgi transport (but not that between the ER to the Golgi) of membrane VSV-G glycoprotein and luminal secretory cargo. The physiological significance of this blockade can be explained by the reduction of subunit B-associated ATP consumption of the V 1 domain (9, 65). Similar results were obtained after knockdown of subunit a of the V 0 domain (45) .
Furthermore, it has been described that V-ATPase also localizes to the lipid rafts in Golgi membranes (35) . Our results demonstrate that the LtB treatment induced a partial disorganization of cholesterol and sphingomyelin enriched domains. Moreover, actin depolymerization induces V 1 -V 0 domain dissociation in these domains, which could result from the lipid raft disorganization primarily caused by the disassembly of microfilaments. The role of the actin cytoskeleton in the orga-nization of lipid rafts has been described only in the plasma membrane (61) . Taking into account that V-ATPase (revealed by GFP-B2) in HeLa cells is in the Golgi and not in the plasma membrane, and that the disruption of lipid rafts also affects the V 0 domain subunit a1, we suggest that actin filaments also participate in the functional association of V 1 -V 0 domain thanks to their role in maintaining lipid raft organization in Golgi membranes. This postulate is supported by results obtained with D-ceramide-C6. This lipid derivative causes the disruption of cholesterol-and sphingomyelin-enriched domains at the Golgi (63), which is accompanied by a swelling of cisternae and alterations in N-glycosylation (63, 66) , both strikingly coincidental with impairments at the Golgi occurring after actin depolymerization and pharmacological V-ATPase inhibition (49, 57, 58) . Importantly, D-ceramide-C6 treatment also caused Golgi and TGN pH alkalization, which also occurs after actin-depolymerizing toxins (49) . Therefore, we establish a functional link at the Golgi between actin dynamics and lipid raft integrity, and consequently V-ATPase activity, which help to maintain pH homeostasis and secretory transport activity (Fig. 7) . This new role of actin in the activity of the V-ATPase holoenzyme is compatible with other direct roles of actin in Golgi membranes, such as membrane fission (59) and calcium import (67) . It is clear that actin participates in the Golgi architecture and transport functions at different levels (57) .
